Black band disease (BBD) is a polymicrobial disease that affects corals on reefs worldwide. It consists of a migrating microbial mat dominated by cyanobacteria that lyses coral tissue, leading to coral colony death, and is one of the most destructive of coral diseases. Microscopic examination of BBD samples consistently reveals an abundance of nonheterocystous, filamentous cyanobacteria and colorless gliding bacteria with internal elemental sulfur granules characteristic of the genus Beggiatoa (6, 17, 18) . It is thought that these are key players in the etiology of BBD. However, with one exception (2) , previous molecular studies of BBD consistently detected very low proportions of cyanobacteria (4, 8, 9, 19, 20) and only one study has detected Beggiatoa (19) . Instead, all molecular BBD studies indicate a highly variable and diverse composition of heterotrophic bacteria, mostly members of the Alphaproteobacteria.
It is unknown why the dominant cyanobacteria and filamentous sulfur-oxidizing bacteria observable microscopically in BBD samples are poorly or not at all detected by molecular methods. It is possible that freezing of the samples in these studies is the cause for low detection of BBD cyanobacteria and sulfur oxidizers. Freezing is the common method of sample processing to extract DNA for microbial community analysis of BBD and has been used in all previous molecular studies. However, this approach may impart a bias to detection of specific BBD bacteria. Suomalainen et al. (22) reported that freezing of samples targeting the fish pathogen Flavobacterium columnare destroyed DNA, suggested to be due to the release of DNase and other enzymes from the cell, leaving most of the F. columnare DNA undetectable by PCR. They noted that DNA from bacteria such as Escherichia coli was not affected (22) . Bissett et al. (3) speculated that freezing sediments prior to DNA extraction lysed Beggiatoa filaments and caused their DNA to be lost (3) . A recent report showed that algae and cyanobacteria with large cell sizes, including filamentous strains, could not be sufficiently cryopreserved (5) . While the above-described studies showed or speculated that freezing of samples affects the detection of some microorganisms in environmental samples, none of these studies included detailed investigation of the mechanism responsible for the effect of freezing or of the effect of freezing on the assessment of microbial community composition.
In the present study, we investigated the effect of freezing on molecular analysis of the BBD microbial community by using DNA extracts of frozen and unfrozen BBD samples from two coral hosts (Siderastrea siderea and Diploria clivosa), using both universal and cyanobacterium-specific primers targeting the 16S rRNA gene. BBD samples (i.e., the BBD microbial mat) were collected by suctioning the mat off the coral surface using individual sterile syringes while scuba diving. Samples were transferred to 2-ml cryovials (after decanting seawater) upon return to shore and either immediately frozen and stored at Ϫ20°C until DNA extraction or maintained at ambient temperature with DNA extracted within 1 h of collection. Eleven samples were collected from reefs of the Florida Keys (United States), Lee Stocking Island (Bahamas), and St. Croix (United States Virgin Islands).
Genomic DNA was extracted by the bead-beating method as previously described (12, 19, 20) . Frozen samples were first thawed at room temperature, and 500-l aliquots were directly transferred into multimix lysing matrix tubes by using trimmed pipette tips, excluding any water. Unfrozen samples were transferred to multimix lysing matrix tubes in the same way. The extracted DNA was verified by gel electrophoresis, and DNA extracts from frozen samples were stored at Ϫ20°C, whereas DNA extracts from unfrozen samples were kept at 4°C until used for PCR amplification.
DNA extracted from both frozen and unfrozen samples was amplified by PCR using universal bacterial primers 27F and 1492R (14) and cyanobacterium-specific primers CYA359F and CYA781R(B) (15) targeting 16S rRNA genes. The purification of PCR products, cloning, and sequencing of plasmid inserts were done as described previously (20) . Primer M13F (11) or CYA359F (15) was used to obtain partial sequences, and an additional primer, 518F (13), M13R (11), or CYA781R(B) (15) , was used to obtain full-length sequences. Sequence editing, BLAST (1), and phylogenetic analysis using ARB (10) were done as described previously (19, 20) . Se-quences that matched at similarity identity values of 97% and above were considered to be of the same operational taxonomic unit. Representative gene sequences that were closely related to cyanobacterial sequences were subjected to maximum-parsimony, neighbor-joining, and maximum-likelihood phylogenetic analyses, and a consensus tree was produced based on maximum-parsimony analysis.
The results for universal bacterial primers indicated that all of the frozen BBD samples except one (Fig. 1 , clone library E) were dominated (44 to 87%) by Alphaproteobacteria ( Fig. 1; see Tables S1 and S2 in the supplemental material). We previously (19) compared the 16S rRNA gene sequences retrieved from seven of these libraries (Fig. 1, libraries A to G) , all of which were obtained from frozen BBD samples from the host S. siderea, to investigate the diversity of BBD microorganisms between BBD infections. In the present study, we focus on the differences in results obtained using frozen versus unfrozen BBD samples from S. siderea (Fig. 1 , libraries G and H) and a second coral host, D. clivosa (Fig. 1, libraries I and J) . The S. siderea samples (libraries G and H) were taken from different host colonies on the same reef (Butler Bay Reef site), whereas the D. clivosa clone libraries were constructed from subsamples of one BBD sample.
This approach yielded strikingly different results for the two methods. For example, the clone library produced from one frozen sample (Fig. 1, library G) from S. siderea contained only one (of 60) cyanobacterium-related sequence (see EF123584 [GenBank sequence accession no.] in Table S1 in the supplemental material), which was phylogenetically related to a sequence from an uncultured planktonic Synechococcus sp. (GenBank sequence accession no. AY172810; Fig. 2 ). In contrast, the clone library from the corresponding unfrozen sample (Fig. 1, library H ) was dominated by a cyanobacterial ribotype which represented 37% of the clones. This ribotype was closely related to an Oscillatoria ribotype (GenBank sequence accession no. AY038527/AF473936) detected in almost all reported BBD molecular studies (2, 4, 7, 23) . The sequence was confirmed as the BBD Oscillatoria sequence by phylogenetic analysis using two representative clone sequences (GenBank sequence accession no. EF123639 and EF123644) (Fig. 2) . The unfrozen S. siderea clone library additionally produced a dominant epsilonproteobacterial ribotype (14 of 15 clones) (see Table S1 in the supplemental material) that was not detected in the corresponding frozen sample. Phylogenetic analysis of two representative sequences (GenBank sequence accession no. EF123607 and EF123613, not shown in Fig. 2 ) determined that the sequence was related to a sequence from the sulfuroxidizing bacterium "Candidatus Arcobacter sulfidicus" (GenBank sequence accession no. AY035822) (24), a species known to deposit filamentous sulfur (21) and reported previously in BBD (9) .
Again in clone library I, from the frozen subsample of D. clivosa (see Table S2 in the supplemental material), the Alphaproteobacteria were dominant (44%) and cyanobacteria represented in low percentages (4%). These cyanobacterial sequences were phylogenetically related to sequences of Leptolyngbya spp. (not shown in Fig. 2 ) and a planktonic cyanobacterium Xenococcus sp. (GenBank sequence accession no. AF132783) ( Fig. 2 ; see Table S2 in the supplemental material). The library from the unfrozen BBD subsample of D. clivosa (see Table S2 in the supplemental material) was dominated by Gammaproteobacteria (35%), followed by cyanobacteria (24%) which had the same cyanobacterial sequence type (BBD Oscillatoria) observed in the unfrozen S. siderea sample (see Table S2 in the supplemental material). For corroboration of these results, we constructed an additional clone library, using universal primers, from an unfrozen BBD sample from S. siderea collected during June 2007; in this sample, 47% of the sequences were also related to the sequence from BBD Oscillatoria.
The use of cyanobacterium-specific primers produced results similar to the overall pattern we detected using universal primers. Frozen BBD from S. siderea produced 27 sequences, of which 24 were closely related to sequences from planktonic Synechococcus spp. and Xenococcus sp. (see Table S3 in the supplemental material). This was confirmed by phylogenetic analysis (Fig. 2 ) using representative sequences (GenBank sequence accession no. EU019432, EU019435, EU019439, EU019442, EU019449, and EU019455). In contrast, all of the sequences (n ϭ 37) obtained from unfrozen S. siderea samples were closely related to the sequence from the BBD Oscillatoria (see Table S3 in the supplemental material). Representative sequences (GenBank sequence accession no. EU019460 and EU019467) confirmed this phylogenetic affiliation (Fig. 2) . Similarly, each of 38 sequences obtained from the unfrozen subsample of D. clivosa with cyanobacterium-specific primers was closely related to the sequence from the BBD Oscillatoria (see Table S3 in the supplemental material), again confirmed by phylogenetic analysis using two representative sequences (GenBank sequence accession no. EU019508 and EU019515) (Fig. 2) . There was very little overlap (6 to 10%) between sequences obtained from frozen versus unfrozen BBD samples collected from both coral hosts when considering all of the BBD bacterial sequences detected (see Tables S1 and S2 in The results of our study are significant for the ongoing investigations into the etiology of BBD. While it is well known that the BBD microbial community consists of photoautotrophs (cyanobacteria), sulfate-reducing bacteria, sulfur-oxidizing bacteria, and heterotrophs (16), we are just beginning to understand the roles of these functional groups in the disease process. A first step in this understanding is the valid and repeatable detection of specific members of the BBD consortium. In summary, we show here that unfrozen samples produce better results for detection of BBD cyanobacteria and sulfur-oxidizing bacteria, while frozen samples are best for detection of heterotrophic proteobacterial sequences. The latter is particularly important because of the consistent finding of Proteobacteria associated with toxic dinoflagellates (19, 20) , as well as other marine invertebrate pathogens (4), in BBD. We have not studied the mechanism behind the freezing effect (e.g., release of DNase), which is outside the scope of this study. Though the current study was done with BBD samples, the effect of freezing on other microbial mats or biofilms cannot be ignored. Based on the results of this study, we suggest using multiple sample-processing approaches to characterize the microbial communities associated with BBD and other microbial mats.
Nucleotide sequence accession numbers. The sequences reported in this study have been deposited in the GenBank database under the following accession numbers: DQ644014, DQ644015, DQ644018, EF123300 to EF123658, EU019310 to EU019417, EU019429 to EU019493, and EU019496 to EU019533.
